
1

Vol.:(0123456789)

Scientific Reports |         (2022) 12:4193  | https://doi.org/10.1038/s41598-022-07719-x

www.nature.com/scientificreports

Effects of midsole cushioning 
stiffness on Achilles tendon stretch 
during running
Michael Esposito1,2*, John W. Wannop1 & Darren J. Stefanyshyn1,2

Footwear midsole material can have a direct influence on running performance. However, the exact 
mechanism of improved performance remains unknown. The purpose of this study was to determine if 
Achilles tendon energetics could potentially play a role in the performance improvements, by testing 
if changes in footwear midsole stiffness elicit changes in Achilles tendon stretch. Fourteen runners ran 
in two footwear conditions while kinematic, kinetic, metabolic and ultrasound data were recorded. 
There was a moderate positive correlation between the difference in stretch and the difference in 
performance, which was statistically significant (r(12) = 0.563, p = 0.036). Twelve participants had 
greater stretch and better performance in the same footwear condition. Based on stretch estimates, 
the difference between conditions in energy returned from the Achilles tendon was 3.9% of the 
mechanical energy required per step. Energy return of this magnitude would be relevant and could 
cause the improved performance observed. These results suggest that increasing energy returned 
from the Achilles could be a valid mechanism for improving running performance due to changes in 
footwear. These findings lead the way for future research to further understand internal mechanisms 
behind improved running performance.

Running footwear research has shown that midsole material properties can have a direct influence on running 
 performance1–5. Footwear midsoles have been a long-studied topic, in the mid 1980s, new cushioning materi-
als, such as ethylene vinyl acetate (EVA), and unique cushioning systems, such as the Nike Air™ were developed 
specifically for running shoes to influence performance. Frederick et al.2 showed an airbag system reduced the 
oxygen cost of running by 2.4% compared to traditional foam materials. The airbag shoes had a higher deforma-
tion of the midsole and slightly higher energy return, as compared to traditional EVA foam, with the performance 
improvements thought to be associated with the increased energy return. Several studies have shown that a mid-
sole with higher energy return can positively impact performance compared to traditional foam  midsoles5,14,15.

Although there are multiple studies showing increased energy returned from the midsole can improve 
running economy, additional research has shown the influence of cushioning on performance to be athlete 
 specific17–19 with groups of subjects performing their best in different shoe conditions. For example, Nigg et al.17 
found no group differences between shoe conditions, viscous or elastic heel, but about a quarter of the subjects 
had better performance with the viscous heel, and about a quarter had better performance with the elastic heel. 
Even though the viscous shoe had a greater amount of energy lost in the midsole, individuals still performed bet-
ter in this condition despite greater energy loss from the midsole. Further, Sinclair and  Dillon15 found that run-
ning in a leaf spring structured midsole, specifically designed to increase the energy returned from the  midsole15, 
decreased running economy by 0.5% on average compared to a traditional running shoe. These results highlight 
that the energy returned from the midsole may not be fully responsible for improvements in running economy.

Other theories have been used in attempt to explain the influence that midsole material properties have on 
running economy. A common theory is the cost of cushioning  hypothesis1, stating that external cushioning may 
reduce the need of muscles for cushioning, resulting in reduced metabolic cost. Tung et al.13 provided clear sup-
port of this hypothesis, showing a reduced metabolic cost of approximately 1.5% when running on a cushioned 
surface (10 mm) compared to a rigid surface. Although studies have used the cost of cushioning hypothesis 
to explain their results, other research has found results contrary to the  hypothesis28. Further, as previously 
mentioned, research has shown that changes in midsole properties have athlete-specific influences on running 
 economy17–19. This suggests the cost of cushioning hypothesis may not fully explain performance improvements 
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observed, suggesting there may be other internal mechanisms responsible for these improvements. However, 
there is no conclusive evidence of an internal mechanism to explain these performance improvements to date.

Even though the internal mechanism resulting in the observed performance improvements is unknown, it is 
speculated that changes in footwear cushioning could influence the functioning of the Achilles tendon. When 
running, the Achilles tendon completes a stretch–shortening cycle during each step, where elastic strain energy 
is stored within the muscle–tendon unit, and is used to support and propel the body  forward20–23. The storage 
and release of this elastic energy is thought to be important in maintaining a low energy cost of  running23, by 
reducing the work required from the  muscles24. Moreover, research has shown that individuals with a greater 
energy storage capacity of the Achilles tendon (calculated as the integral of the tendon force over the tendon 
strain) had better running performance (lower oxygen consumption) compared to others with a lower energy 
storage  capacity25. With the Achilles tendon having a significant role during running, it is reasonable to believe 
that Achilles tendon mechanics may be influenced by footwear cushioning and may be part of the mechanism 
responsible for the performance improvements previously observed. Specifically, with footwear cushioning, it is 
speculated that when running with compliant cushioning, a lower heel position would occur, due to increased 
deformation of the midsole during stance. Due to this lower heel position, a greater extension of the Achilles 
tendon would occur. As a result, there would be greater energy storage and return from the Achilles tendon, 
which would result in a decreased work demand from the main plantarflexor muscles—gastrocnemius and soleus. 
Since the plantarflexor muscles are the largest contributors to mechanical work generated during  running26,27, it 
is reasonable to believe that the overall result could be an improved running performance.

The purpose of this study was to determine if changes in footwear midsole stiffness elicit changes in Achilles 
tendon stretch, in an attempt to determine a mechanism behind running economy improvements previously 
observed with these differences in cushioning properties. It was hypothesized that the footwear condition with 
better running economy for an individual will have greater Achilles tendon stretch, suggesting greater energy 
storage and return of the Achilles tendon, during running.

Results
From the footwear mechanical testing, the midsole of the stiff shoe was stiffer and had greater energy loss (Fig. 1). 
A Shapiro–Wilk test confirmed that the data were normally distributed  (PSD: D(14) = 0.966, p = 0.816. ΔECr: 
D(14) = 0.899, p = 0.110), therefore, parametric tests were performed. Participant values with group means and 
standard deviations for the variables are shown in Table 1. Positive values for difference in pseudo-stretch and 
difference in performance indicate a greater stretch and better performance, respectively, in the stiff shoe con-
dition, while negative values for difference in pseudo-stretch and difference in performance indicate a greater 
stretch and better performance, respectively, in the compliant shoe condition. There was no group effect on 
pseudo-stretch (t(13) = − 0.259, p = 0.800) or performance (t(13) = 1.287, p = 0.221). There was a  moderate29 
positive correlation between the difference in pseudo-stretch and the difference in performance, which was sta-
tistically significant (r(12) = 0.563, p = 0.036) (Fig. 2). Twelve participants had greater pseudo-stretch and better 
performance in the same footwear condition and two participants (P2, P12) did not have greater pseudo-stretch 
and better performance in the same footwear condition. A post-hoc power analysis revealed the observed power 
of this study was 0.65.

Discussion
The purpose of this study was to determine if changes in footwear cushioning stiffness can elicit changes in Achil-
les tendon stretch, in an attempt to determine a mechanism behind running economy improvements previously 
observed with differences in cushioning properties. It was hypothesized that the footwear condition with better 
running performance (lower oxygen consumption) would have greater energy storage and return of the Achil-
les tendon, attributed to a greater Achilles tendon stretch during running. In partial support of the hypothesis, 
there was a moderate positive correlation between the difference in pseudo-stretch of the Achilles tendon and 
the difference in performance between footwear conditions. This study was one of the first to determine a dif-
ference in Achilles tendon stretch due to footwear modifications and how they relate to performance, providing 
valuable information for future studies.

The performance results were consistent with previous  studies17–19, with groups of subjects performing their 
best in different shoe conditions. In the present study, nine participants had their best performance in the 

Figure 1.  Force–deformation curves of each of the footwear conditions.
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compliant footwear condition. These results suggest that the cost of cushioning hypothesis may not fully explain 
the performance results observed, since this hypothesis would suggest that all participants would have their best 
performance in the compliant footwear condition due to the mechanical properties of the midsole. This is not to 
say that cushioning was not involved, but this theory may not fully explain performance improvements observed, 
suggesting there may be other internal mechanisms responsible for these improvements. These results provide 
some initial evidence that Achilles tendon stretch may be an internal mechanism partially responsible for the 
performance improvements observed.

The results show a moderate positive correlation between the difference in performance and the difference 
in pseudo-stretch; however, from this data, the absolute stretch of the tendon cannot be determined, and the 
energy stored and returned from the Achilles tendon is unknown. Intuitively, the footwear condition with greater 
stretch would have a greater energy storage and return from the tendon. Fletcher and  MacIntosh23 estimated the 
energy returned from the Achilles tendon of trained males during running. Since the participants in that study 
were a similar height and mass to the participants of the present study (Fletcher and MacIntosh 1.76 m, 67.8 kg; 
this study 1.75 m, 67.9 kg) and participants ran at a similar average speed (Fletcher and MacIntosh 3.64 m/s; 
this study 3.80 m/s), data from that study were used to estimate Achilles tendon energetics in this study. The 
energy returned from stretching the Achilles tendon was 42 J on average, ranging from 25 to 70  J23. Based on this 
estimate (42 J), assuming the hysteresis to be 10%30, approximately 22.3 mm of tendon stretch would occur each 

Table 1.  Participant values, group mean and standard deviations for pseudo stretch (PS) in each condition, 
difference in pseudo-stretch  (PSD), energy cost of running  (ECr) and difference in performance (ΔECr).

PS [mm] PSD ECr [kJ∙kg−1  km−1] ΔECr

Stiff Compliant [mm] Stiff Compliant [%]

P1 24.3 30.0 − 5.7 4.59 4.47 − 2.52

P2 50.2 48.9 1.3 4.75 4.72 − 0.76

P3 44.5 45.2 − 0.6 5.09 4.87 − 4.33

P4 23.6 24.7 − 1.1 4.79 4.67 − 2.51

P5 35.9 37.4 − 1.5 4.40 4.37 − 0.70

P6 28.3 28.3 − 0.1 5.04 4.98 − 1.02

P7 40.3 38.6 1.6 4.39 4.60 4.57

P8 27.6 24.3 3.4 4.64 4.74 2.10

P9 38.2 39.3 − 1.0 4.37 4.30 − 1.55

P10 38.4 39.4 − 1.0 4.40 4.22 − 4.03

P11 38.8 37.5 1.2 3.94 4.00 1.49

P12 27 26.3 0.7 4.93 4.76 − 3.44

P13 44.1 43.8 0.3 4.71 4.73 0.44

P14 22.6 22.2 0.4 4.41 4.44 0.70

Mean 34.6 34.7 − 0.1 4.60 4.56 − 0.83

SD 8.9 8.6 2.1 0.31 0.27 2.52

Figure 2.  Difference in performance versus difference in pseudo-stretch (red) and trendline for all fourteen 
participants (black). Positive values for difference in pseudo-stretch and difference in performance indicate a 
greater stretch and better performance respectively in the stiff shoe condition.
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step. Exploring three values for increase in stretch, 0.1 mm (smallest difference in pseudo-stretch from this study, 
P6), 1.4 mm (absolute average of pseudo-stretch from this study) and 5.7 mm (greatest difference in pseudo-
stretch from this study, P1), would result in a total tendon stretch of 22.4, 23.7, and 28.0 mm respectively. The 
estimated energy return from these tendon stretches are 42.4, 47.4 and 66.2 J, equating to an average difference 
of 5.4 J ranging from 0.4 to 24.4 J. The average mechanical energy for each running step was estimated as 140 J, 
using mechanical power estimates from Williams and  Cavanagh31. Based on this, the difference in energy return 
from the Achilles tendon would result in an average of 3.9% of the total mechanical energy required, ranging 
from 0.3 to 17.3%. Energy returns of this magnitude would be relevant and could cause the improved perfor-
mance observed. These results suggest that the energy returned from the Achilles could be a valid mechanism 
for improving performance due to changes in footwear.

The relationship between mechanical energy and metabolic energy is very  complex31. Muscular efficiency, 
defined as the ratio of mechanical power to metabolic energy  expenditure31, has been used to relate mechanical 
energy to metabolic energy. Using a muscular efficiency of 0.231, it is estimated that a mechanical energy return 
of 5.4 J would correspond to 27 J of metabolic energy. Using a metabolic cost of running of 850 J/stride23, 27 J 
would equate to a 3.18% average change in metabolic energy, slightly greater than the metabolic changes of this 
study and previous studies examining metabolic changes due to  footwear2,5,13. Further, it is possible that the esti-
mations of total Achilles tendon stretch were overestimated, based on previous studies showing smaller tendon 
 stretch32,33. Assuming stretch is overestimated by 50%, a 22.3 mm stretch would become 14.9 mm, returning 
approximately 18.8 J. Using the average increased stretch of 1.4 mm, the estimated energy return would be 22.5 J, 
a difference of 3.7 J and on average a total of 2.6% of the mechanical energy required. This lower percentage of 
mechanical energy does not change the interpretation and it is believed the energy returned from the Achilles 
tendon may be a valid mechanism in improving performance with changes in footwear. The results provide 
some initial evidence of this mechanism, but further research is needed to fully understand this mechanism.

Although the results of the present study suggest that the energy returned by the Achilles tendon may be a 
valid mechanism of improved running performance, the possibility of other mechanisms cannot be discounted. 
The stretch of the Achilles tendon may result in changes to the function of the triceps surae. If the length change 
of the muscle tendon unit during a stride is taken up by stretching of the Achilles tendon, this allows for less 
shortening of the muscle fascicles and slower shortening  velocity22,34. Less shortening of the muscle fascicles allow 
for optimization of muscle activation and force–length-velocity  properties35. It is believed that the optimization 
of these relationships could result in a reduced metabolic cost, however, more research is required.

There are a few limitations that should be noted. Absolute tendon stretch was not calculated. Without absolute 
tendon stretch, energy storage and return values of the Achilles tendon can only be estimated. In this study, the 
difference of tendon movement between conditions was calculated, and it is believed that this difference would 
equal the difference in stretch between conditions. This data set shows that changes to footwear cushioning 
may be able to elicit changes in Achilles tendon stretch, and further research is needed to determine the exact 
energy savings related to the increase in stretch. Moreover, future work should investigate the main reasons 
why individuals have greater tendon stretch and perform better in certain shoe conditions compared to others.

Conclusions
This study investigated the effect of midsole cushioning on Achilles tendon stretch while running. It was specu-
lated that increased stretch of the Achilles tendon would return more energy and result in an improved running 
performance. There was a positive moderate correlation between difference in performance and difference in 
tendon stretch between footwear conditions. The estimated difference in energy returned by the tendon was 
large enough to result in improvements to performance. The results of this study suggest that increasing energy 
returned by the Achilles tendon may be a valid mechanism to improve running performance. These findings lead 
the way for future research to further understand the mechanism behind improved performance. Understanding 
how footwear modifications affect internal mechanisms could have large ramifications on potential strategies 
for assisting and supporting locomotion.

Methods
Participants. Fourteen male participants (Age: 26.1 ± 6.1 years, Height: 1.75 ± 0.06 m, Mass: 67.9 ± 8.4 kg) 
with personal best 10 km run times of less than 40 min were recruited for the study. All participants fit into a US 
9 shoe size and were free from lower extremity injury or pain at the time of testing. Individuals received verbal 
and written descriptions of the study design and informed written consent was obtained from all individuals 
prior to data collection. This study was approved by the University of Calgary Conjoint Health Research Ethics 
Board (REB18-0924). All experiments were performed according to the approved protocol and in accordance 
with the ethical standards of the Declaration of Helsinki.

Footwear. Two footwear conditions were used—stiff and compliant. The stiff shoe had a midsole made of 
EVA and the compliant shoe’s midsole was made of expanded thermoplastic polyurethane pellets (Boost). Con-
certed effort was made to construct the shoes such that they were identical in every aspect except for the midsole 
cushioning material. With the different midsole materials, the shoes had a small difference in mass (Stiff: 311 g, 
Compliant: 322 g); therefore, the shoes were matched in mass by evenly distributing lead weights near the center 
of mass of the stiff shoe to eliminate any potential confounding effect of mass. These two shoes were chosen since 
previous research has used footwear with similar differences in cushioning stiffness and observed differences in 
running economy of 1% on average between footwear  conditions5.
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Footwear mechanical testing. Rearfoot cushioning stiffness (compressive stiffness) and energy loss of 
the footwear was measured using a previously published  protocol5. Each shoe condition was subjected to three 
test sessions with each session consisting of 20 consecutive loading and unloading cycles. Each cycle consisted of 
the shoe being compressed at a rate of 4250 N/s until a maximal load of 1700 N was reached, then the shoe was 
unloaded. For each shoe, average stiffness and hysteresis values were calculated using the 20th loading–unload-
ing cycle from each of the three test sessions and averaged.

Data collection. Testing was completed during two sessions. The objective of session one was to measure 
Achilles tendon moment arm, using a previously published  method36. Participants laid prone with their knee at 
180° (straight leg) and their ankle at 90° in a dynamometer (Cybex NORM, Humac, CA, USA) (Fig. 3). The axis 
of rotation of the Cybex was aligned with the ankle joint, while the participant’s left foot was secured using Vel-
cro straps. Then, participants were fitted with an ultrasound probe (LV8-5N60-A2 transducer, ArtUs EXT-1H, 
Telemed, Lituania). The ultrasound probe was positioned to measure the movement of the myotendinous junc-
tion of the left medial gastrocnemius (Fig. 3). A copper wire was placed on the skin underneath the ultrasound 
probe. The wire was visible in the ultrasound field of view and was used to determine if the probe moved during 
the testing session. The probe was placed in a custom 3D printed holder, designed to prevent the probe from 
rotating off the skin, and was held in place with athletic wrap and gaffer tape. To determine the moment arm 
of the Achilles tendon, the ankle was passively rotated in the Cybex from 30° to 0° plantarflexion at 5°/s. Three 
repetitions served as conditioning trials, and on the fourth trial, ultrasound images were recorded.

Session two was a treadmill running session and was conducted on an instrumented treadmill (Bertec Corpo-
ration, Columbus, USA) set at a 1° incline to mimic outdoor  running37. The protocol for session two was adapted 
from previously published  methods4. The participants were fitted with the ultrasound probe in the same position 
as session one. The probe was secured by first taping the probe to the skin and then wrapped with athletic wrap. 
After the ultrasound probe was secured, the test session began with an incremental running test to a submaximal 
intensity to determine at which speed the participant would reach their anaerobic threshold. A metabolic cart 
(Cosmed, Rome, Italy) was used to measure breath-by-breath pulmonary gas exchanges. Participants started the 
test at 2.46 m/s and the speed increased 0.22 m/s every two minutes. The incremental test continued until each 
athlete reached their anaerobic threshold (via monitoring of the real-time Cosmed output). Anaerobic threshold 
was visually identified from the real-time data feed by looking for a combination of excessive  CO2  production38, 
a value of respiratory exchange ratio greater than  139 and a non-linear increase in pulmonary ventilation. The 
anaerobic threshold was used to determine the submaximal running speed for the testing session, and ensure 
the speed was relative to each participant’s fitness level. The ultrasound probe was attached during the incremen-
tal test, allowing subjects to adapt to running with the probe prior to data collection. However, no kinematic, 
kinetic, or ultrasound data were recorded during the incremental test. The incremental test also allowed each 
participant to warm up prior to data collection, and participants were given a 10-min rest following completion 
of the incremental test before the running trials.

During the running trials, kinematic, kinetic, metabolic and ultrasound data were collected. Kinematic data 
were measured with the use of an 8-camera motion analysis system (200 Hz) (Vicon Motion Systems Ltd., Oxford, 
UK). Ten retroreflective markers were placed on each participant and used to track the motion of the rearfoot 
and forefoot through space (Fig. 4). The marker positions consisted of four anatomical landmark markers and 
six tracking markers. The anatomical landmark markers were placed on the left medial and lateral malleoli, left 
 1st metatarsal and the left  5th metatarsal. The tracking markers included a cluster of three markers placed on the 
forefoot and a cluster of three markers placed on the rearfoot aspects of the shoe. Ground reaction force data were 
obtained with an instrumented treadmill (1000 Hz), and metabolic data were recorded breath by breath using 
the metabolic cart. The ultrasound (177 Hz) was recorded with the following settings: Depth: 30 mm, Dynamic 
Range: 72 dB, Power: -3 dB, Frequency: 8 MHz.

Once all the markers were attached, a static motion capture trial was recorded prior to the running trials 
to determine joint centers; the malleoli and metatarsal markers were subsequently removed for the running 
trials. Participants performed two 6-min steady state running trials at a submaximal running speed (average 
speed = 3.80 ± 0.49 m/s), one in each shoe condition in a random order. The running speed of the trials was 
determined from the incremental test, 0.22 m/s slower than the final speed of the incremental test, to ensure the 

Figure 3.  (a) Positioning of the participant in the Cybex with the ultrasound probe attached. (b) Labelled 
ultrasound image when probe was secured to the participant.
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participant was running at a speed below their anaerobic threshold. The first four minutes of the running trial 
allowed the participant to reach a steady-state of oxygen  consumption40, and data from all systems (kinematics, 
kinetics, metabolic and ultrasound) were recorded during the final two minutes of the trial. Participants were 
given a 10-min rest following completion of the first running trial before undertaking the second running trial.

Metabolic data. The energy cost of running  (ECr) (kJ∙kg−1∙km−1) was calculated from the equation pre-
sented by Fletcher et al.36 and was calculated as the average of every breath during the final 2 min of the trial. 
Differences in performance were calculated as the percent difference between conditions.

Ultrasound data. The ultrasound videos were saved as TVD files (file format specific to ultrasound soft-
ware) during the data collection. The ultrasound videos were then converted to a series of images (PNG files) to 
be post-processed. The ultrasound images were post-processed using ImageJ (Version 1.53a, National Institutes 
of Health, Bethesda, MD, USA, URL: http:// imageJ. nih. gov/ ij). The contrast and brightness were all adjusted 
using ImageJ (Fig. 5). This was done to enhance the contrast between the muscle tissue and the aponeurosis of 
the muscle. The Achilles tendon moment arm was calculated using the tendon excursion  method41 from when 
the ankle was passively rotated. Myotendinous junction displacement was quantified in ImageJ and displace-
ment measured was converted from pixels to millimeters from the scale determined in ImageJ. The moment 
arm was then adjusted to account for differences in values obtained from the tendon excursion method and 
the center of rotation method based on data from Fath et al. (2010). There is no gold standard for moment arm 
measurement, but it has been shown that tendon excursion method results in smaller moment arm estimate by 
an average of 15 mm compared to the center of rotation method 41.

From the ultrasound images recorded during the running trials, movement of the myotendinous junction 
 (MMTJ) was measured as the distance between the copper wire position and the most proximal myotendinous 

Figure 4.  Schematic views of the back (left), side (middle) and front (right) view of the participant with all 
equipment attached during the running trials (motion capture markers, ultrasound probe and breathing mask). 
The grey markers remained on while the blue markers were removed during the running trials.

http://imageJ.nih.gov/ij
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junction position. All distances were measured thirty times per condition and the distances measured were 
converted from pixels to millimeters.

Kinematic data. Kinematic data were analyzed using Visual 3D software (v2020.10.03, C-Motion, German-
town, MD, USA, URL: https://c- motion. com/). Ground reaction force and kinematic data were smoothed using 
a zero-lag low-pass 4th order Butterworth filter with a cut-off frequency of 50 Hz. A 20-N threshold for the verti-
cal ground reaction force was used to identify the stance phase of running, and thirty strides for the left leg were 
extracted for the analysis of each shoe condition. The joint center for the ankle was determined as the midpoint 
between the lateral and medial malleoli markers in the neutral trial. Cardan angles were calculated for the ankle 
joint with a flexion–extension, abduction–adduction, and internal–external rotation sequence 42. Movement of 
the Achilles tendon at the ankle  (MAnk) was calculated from the following equation:

where rAT is the Achilles tendon moment arm and θ is the dorsiflexion angle relative to the ankle angle during 
the static trial.

Pseudo‑stretch of Achilles tendon. Pseudo-stretch of the Achilles (PS) was calculated by adding  MAnk 
and  MMTJ together for each footwear condition. The variable was termed “pseudo-stretch” since the true stretch 
of the tendon cannot be determined, and it was used to find differences between conditions. The difference 
between conditions of pseudo-stretch is thought to be the difference in Achilles tendon stretch, not the total 
amount of stretch.The difference in PS  (PSD) was calculated as PS in the stiff condition minus PS in the compli-
ant condition.

Statistics. All statistical analysis was done using SPSS (v26, IBM, Armonk, NY, USA) and values of p less 
than 0.05 were considered statistically significant. The Shapiro–Wilk test was performed to confirm that the 
variables  (PSD and ΔECr) in each shoe condition were normally distributed. Based on the assumption that the 
distributions were normal, a paired T-test was used to assess differences between footwear conditions and a 
Pearson correlation analysis was performed to assess the existence of a linear relationship between the difference 
in performance and the difference in pseudo-stretch measurements.
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References
 1. Frederick, E. C. Physiological and ergonomics factors in running shoe design. Appl. Ergon. 15, 281–287 (1984).
 2. Frederick, E. C., Howley, E. T. & Powers, S. K. Lower oxygen demands of running in soft-soled shoes. Res. Q. Exerc. Sport 57, 

174–177 (1986).
 3. Hoogkamer, W. et al. A comparison of the energetic cost of running in marathon racing shoes. Sport. Med. 48, 1009–1019 (2018).

(1)MAnk = rAT tan θ

Figure 5.  Example of ultrasound image before (top) and after (bottom) post-processing in ImageJ.

https://c-motion.com/


8

Vol:.(1234567890)

Scientific Reports |         (2022) 12:4193  | https://doi.org/10.1038/s41598-022-07719-x

www.nature.com/scientificreports/

 4. Roy, J. P. R. & Stefanyshyn, D. J. Shoe midsole longitudinal bending stiffness and running economy, joint energy, and EMG. Med. 
Sci. Sports Exerc. 38, 562–569 (2006).

 5. Worobets, J., Wannop, J. W., Tomaras, E. & Stefanyshyn, D. Softer and more resilient running shoe cushioning properties enhance 
running economy. Footwear Sci. 6, 147–153 (2014).

 6. Luo, G., Stergiou, P., Worobets, J., Nigg, B. & Stefanyshyn, D. Improved footwear comfort reduces oxygen consumption during 
running. Footwear Sci. 1, 25–29 (2009).

 7. Clarke, T. E., Frederick, E. C. & Cooper, L. B. Effects of shoe cushioning upon ground reaction forces in running. Int. J. Sports Med. 
4, 247–251 (1983).

 8. Henning, P., Khamoui, A. V & Brown, L. E. Preparatory strength and endurance training for U.S. Army Basic Combat Training. 
Strength Cond. J. 33, (2011).

 9. Kaelin, X., Denoth, J., Stacoff, A. & Stuessi, E. Cushioning during running—material tests contra subject tests. in Biomechanics: 
Current interdisciplinary research 651–656 (Springer, 1985).

 10. Bosco, C. & Rusko, H. The effect of prolonged skeletal muscle stretch-shortening cycle on recoil of elastic energy and on energy 
expenditure. Acta Physiol. Scand. 119, 219–224 (1983).

 11. Kipp, S., Kram, R., Hoogkamer, W., Alexandre, L. & Jones, A. M. Extrapolating Metabolic Savings in Running : Implications for 
Performance Predictions. 10, 1–8 (2019).

 12. Frederick, E. C., Clarke, T. E., Larsen, J. L. & Cooper, L. B. The effects of shoe cushioning on the oxygen demands of running. in 
Biomechanical Measurement of Running Shoe Cushioning Properties. Biomechanical Aspects of Sport Shoes and Playing Surfaces. 
University of Calgary, Calgary, AB 107–114 (1983).

 13. Tung, K. D., Franz, J. R. & Kram, R. A test of the metabolic cost of cushioning hypothesis during unshod and shod running. Med. 
Sci. Sports Exerc. 46, 324–329 (2014).

 14. Sinclair, J., Mcgrath, R., Brook, O., Taylor, P. J. & Dillon, S. Influence of footwear designed to boost energy return on running 
economy in comparison to a conventional running shoe. J. Sports Sci. 34, 1094–1098 (2016).

 15. Sinclair, J. & Dillon, S. Effects of energy boost and springblade footwear on running economy and substrate oxidation. Cent. Eur. 
J. Sport Sci. Med. 16, 77–84 (2016).

 16. Wunsch, T., Kröll, J., Strutzenberger, G. & Schwameder, H. Biomechanical and metabolic effects of a leaf spring structured midsole 
in heel–toe running. Footwear Sci. 7, 107–113 (2015).

 17. Nigg, B. M., Stefanyshyn, D., Cole, G., Stergiou, P. & Miller, J. The effect of material characteristics of shoe soles on muscle activa-
tion and energy aspects during running. J. Biomech. 36, 569–575 (2003).

 18. Sinclair, J., Edmundson, C. J., Brooks, D., Hobbs, S. J. & Taylor, P. J. The influence of footwear kinetic, kinematic and electromyo-
graphical parameters on the energy requirements of steady state running. Mov. Sport. Sci. Sci. Mot. 80, 39–49 (2013).

 19. Wunsch, T., Kröll, J., Stöggl, T. & Schwameder, H. Effects of a structured midsole on spatio-temporal variables and running 
economy in overground running. Eur. J. Sport Sci. 17, 303–309 (2017).

 20. Alexander, R. M. Elastic mechanisms in animal movement. (Cambridge University Press, 1988).
 21. Ker, R. F., Bennett, M. B., Bibby, S. R., Kester, R. C. & Alexander, R. M. The spring in the arch of the human foot. Nature 325, 

147–149 (1987).
 22. Fukunaga, T. et al. In vivo behaviour of human muscle tendon during walking. Proc. R. Soc. B Biol. Sci. 268, 229–233 (2001).
 23. Fletcher, J. R. & MacIntosh, B. R. Achilles tendon strain energy in distance running: Consider the muscle energy cost. J. Appl. 

Physiol. 118, 193–199 (2015).
 24. Voigt, M., Bojsen-Møller, F., Simonsen, E. B. & Dyhre-Poulsen, P. The influence of tendon youngs modulus, dimensions and 

instantaneous moment arms on the efficiency of human movement. J. Biomech. 28, 281–291 (1995).
 25. Arampatzis, A. et al. Influence of the muscle—tendon unit ’ s mechanical and morphological properties on running economy. 

3345–3357 (2006). https:// doi. org/ 10. 1242/ jeb. 02340
 26. Stefanyshyn, D. J. & Nigg, B. M. Mechanical energy contribution of the metatarsophalangeal joint to running and sprinting. J. 

Biomech. 30, 1081–1085 (1997).
 27. Hamner, S. R. & Delp, S. L. Muscle contributions to fore-aft and vertical body mass center accelerations over a range of running 

speeds. J. Biomech. 46, 780–787 (2013).
 28. Moore, I. S., Jones, A. & Dixon, S. The pursuit of improved running performance: Can changes in cushioning and somatosensory 

feedback influence running economy and injury risk?. Footwear Sci. 6, 1–11 (2014).
 29. Schober, P. & Schwarte, L. A. Correlation coefficients: Appropriate use and interpretation. Anesth. Analg. 126, 1763–1768 (2018).
 30. Finni, T., Peltonen, J., Stenroth, L. & Cronin, N. J. Viewpoint: On the hysteresis in the human Achilles tendon. J. Appl. Physiol. 114, 

515–517 (2013).
 31. Williams, K. R. & Cavanagh, P. R. Relationship between distance running mechanics, running economy, and performance. J. Appl. 

Physiol. 63, 1236–1245 (1987).
 32. Farris, D. J., Trewartha, G. & McGuigan, M. P. The effects of a 30-min run on the mechanics of the human Achilles tendon. Eur. J. 

Appl. Physiol. 112, 653–660 (2012).
 33. Lai, A. K. M., Lichtwark, G. A., Schache, A. G. & Pandy, M. G. Differences in in vivo muscle fascicle and tendinous tissue behavior 

between the ankle plantarflexors during running. Scand. J. Med. Sci. Sport. 28, 1828–1836 (2018).
 34. Ishikawa, M., Pakaslahti, J. & Komi, P. V. Medial gastrocnemius muscle behavior during human running and walking. Gait Posture 

25, 380–384 (2007).
 35. Fletcher, J. R., Groves, E. M., Pfister, T. R. & MacIntosh, B. R. Can muscle shortening alone, explain the energy cost of muscle 

contraction in vivo?. Eur. J. Appl. Physiol. 113, 2313–2322 (2013).
 36. Fletcher, J. R., Esau, S. P. & MacIntosh, B. R. Changes in tendon stiffness and running economy in highly trained distance runners. 

Eur. J. Appl. Physiol. 110, 1037–1046 (2010).
 37. Jones, A. M. & Doust, J. H. A 1% treadmill grade most accurately reflects the energetic cost of outdoor running. J. Sports Sci. 14, 

321–327 (1996).
 38. Beaver, W. L., Wasserman, K. & Whipp, B. J. A new method for detecting anaerobic threshold by gas exchange. J. Appl. Physiol. 

60, 2020–2027 (2017).
 39. Solberg, G., Robstad, B., Skjønsberg, O. H. & Borchsenius, F. Respiratory gas exchange indices for estimating the anaerobic thresh-

old. J. Sport. Sci. Med. 4, 29–36 (2005).
 40. Morgan, D. W., Martin, P. E. & Krahenbuhl, G. S. Factors affecting running economy. Sport. Med. 7, 310–330 (1989).
 41. Fath, F., Blazevich, A. J., Waugh, C. M., Miller, S. C. & Korff, T. Direct comparison of in vivo Achilles tendon moment arms obtained 

from ultrasound and MR scans. J. Appl. Physiol. 109, 1644–1652 (2010).
 42. Wu, G. et al. ISB recommendation on definitions of joint coordinate system of various joints for the reporting of human joint 

motion—part I: ankle, hip, and spine. J. Biomech. 35, 543–548 (2002).

Acknowledgements
The authors would like to thank adidas AG for providing the footwear used in this study and the Natural Sciences 
and Research Council of Canada for funding the study.

https://doi.org/10.1242/jeb.02340


9

Vol.:(0123456789)

Scientific Reports |         (2022) 12:4193  | https://doi.org/10.1038/s41598-022-07719-x

www.nature.com/scientificreports/

Author contributions
M.E. conceptualised the study, collected, processed, and analysed the data, interpreted the results, and drafted 
the first version of revised the manuscript. J.W.W. and D.J.S. conceptualised the study, interpreted the results 
and revised the manuscript. All authors approved the submitted manuscript and agreed to be accountable to all 
aspects of the work.

Funding
This article was funded by Natural Sciences and Engineering Research Council of Canada.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.E.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Effects of midsole cushioning stiffness on Achilles tendon stretch during running
	Results
	Discussion
	Conclusions
	Methods
	Participants. 
	Footwear. 
	Footwear mechanical testing. 
	Data collection. 
	Metabolic data. 
	Ultrasound data. 
	Kinematic data. 
	Pseudo-stretch of Achilles tendon. 
	Statistics. 

	References
	Acknowledgements


